Abstract A simple negative ion mobility spectrometer (IMS) is designed and used to investigate the factors that influence the number and efficiency of electrons generated by the needle-ring pulsed corona discharge electron source. Simulation with Ansoft Maxwell 12 is carried out to analyze the electric field distribution within the IMS, and to offer the basis and foundation for analyzing the measurement results. The measurement results of the quantities of electrons show that when the drift electric field strength and the ring inner diameter rise, both the number of effective electrons and the effective electron rate are increased. When the discharge voltage becomes stronger, the number of effective electrons goes up while the effective electron rate goes down. In light of the simulation results, mechanisms underlying the effects of drift electric field strength, ring inner diameter, and discharge voltage on the effective electron number and effective electron rate are discussed. These will make great sense for designing negative ion mode IMS using the needle-ring pulsed corona discharge as the electron source.
Introduction
The electron source is one of the most important parts of the ion mobility spectrometer (IMS), which directly determines the number of initial electrons before ionization. Traditional IMSs use radioactive sources for generating electrons, such as 63 Ni electron source. However, problems in cost, management and technologies have frustrated applications of radioactive sources [1] . The corona discharge electron source has become an attractive alternative source, because it is nonradioactive, able to generate high ion current, and easy to design and install. The corona discharge sources include DC and pulsed modes [2∼14] . The pulsed corona discharge electron source has received growing attention from researchers because it can avoid the use of a shutter grid, increase the efficiency of ions and simplify the drift tube [15∼18] .
The needle-grid
[2∼6, 15, 16] and the needlering [7∼14,17,18] are commonly used as the corona discharge sources. It is important to get better understanding of the electron generation behavior of the corona discharge source for designing IMS in practical application. However, there has been little research on the electron yield of the needle-ring pulsed negative corona discharge source till now. The main factors affecting the needle-ring electron pulsed discharge source include the discharge voltage, the ring inner diameter, the drift electric field and the needle-ring distance. The needle-ring distance has been fully researched [10] , so this study focuses on the effects of the first three factors.
Experimental apparatus and method
A schematic set-up of our IMS is shown in Fig. 1 . It consists of a needle-ring pulsed negative corona discharge area, drift area, Faraday plate, pulsed highvoltage power source, DC power source, and measurement system.
In order to increase the resolution of IMS, it is necessary to decrease the size of the electron cluster generated. Therefore, a small pulse width (a few microseconds) of corona discharge is required [16] . However, this experiment is concerned only with the number of electrons, so a 100 µs-width discharge pulse is used. The pulse shape is a triangular wave and the voltage rise time is about 10 µs. These experimental settings can greatly increase the number of electrons generated during a single pulse, and thus improve the signal-to-noise ratio.
The drift area is formed by the stainless steel ring anode, the copper bottom plate, and the insulating wall. The drift gap is 6 cm. The ring's thickness is 2 mm, and its outer diameter is 10 cm. The ring's inner diameters are 1 cm, 2 cm, and 3 cm, respectively. The outer diameter of the bottom plate is 10 cm. The needle cathode is located above the drift gap on its center axis. The point-to-ring distance is 0.7 cm. The Faraday plate is made of copper and has a diameter of 4.4 cm. It is wrapped by a Teflon insulator, fixed on the bottom plate, and connected with the measurement circuit via a coaxial cable. Dry nitrogen (99.999%) with a flow rate of 100 mL/min is introduced from the inlet and discharged from the outlet. The bottom plate is grounded. The current is measured via the ground circuit of the Faraday plate. The ring anode is supplied with a DC voltage of −0.9 kV ∼ −1.5 kV to form a drift electric field with a strength in the range of 150∼250 V/cm. A negative high pulse voltage between −5 kV∼−8.5 kV is applied to the needle cathode. The pulse width of the corona discharge is about 100 µs when the corona occurs.
The electrons generated by the corona discharge are collected in three ways [10] : a. collected by the ring, b. collected by the Faraday plate after drift, and c. collected by other components (including electron loss due to electric field unevenness and heat diffusion). The electrons collected by the ring and the Faraday plate are converted into voltage signals which are measured via R1 and R2, respectively. R1 is 10 kΩ and R2 is 1 MΩ. The voltage signals are measured and stored by a Tektronix TDS754D Oscilloscope, and then inputted into a computer for processing and analyzing with Origin 8.
For investigating the effects of the ring inner diameter, the drift electric field and the discharge voltage on the corona discharge and the number of effective electrons that can be collected by the Faraday plate, different parameter values are adopted. Specifically, the ring's inner diameter is set as 1 cm, 2 cm or 3 cm, respectively. The drift field strength is 150 V/cm, 200 V/cm or 250 V/cm. The discharge voltage is 5 kV, 5.5 kV, 6 kV, 6.5 kV or 7 kV, respectively. Note that the discharge voltage is the voltage between the needle and the ring. For instance, when the drift voltage on the ring anode is −1.5 kV and the actual voltage on the needle cathode is −8.5 kV, the drift electric field is 250 V/cm and the discharge voltage is 7 kV.
3 Simulation of electric field
Purpose and methods
The key factor of the needle-ring pulsed corona discharge is the electric field distribution within the discharge area. On the other hand, the drift field determines the electron drift. Therefore, it is necessary to investigate the influencing factors of the electric field within the IMS.
Therefore, the Ansoft Maxwell 12 is used to conduct a 2D electric field simulation under different combinations of these three factors. For cylindrical systems, such as the IMS, the radius axis and the central axis of the drift area are chosen as the coordinates. Thus only a half of the IMS is modeled. The software will automatically rotate the model and calculate the drift electric field in the entire IMS, as illustrated in Fig. 1 .
Simulation results

Electric field distribution
In this study, the ring inner diameter, the drift electric field and the discharge voltage take 3 values, 3 values and 5 values, respectively. Thus, there are 45 combinations of factors, and simulations were carried out for each combination. The simulation results show that the electric fields under all factor combinations share the same distribution. However, the degree of electric field bending varies with the change of each parameter. Therefore, simulations of four combinations, in which the three factors changed separately, are displayed in Fig. 2 . It is worth noting that the discharge voltage pulse width (100 µs) is longer than the electron drift time (from a few to tens of µs), so the influence of the discharge voltage on the drift electric field could not be ignored [16] . Although the discharge voltage varies during electron drift, the peak values of the discharge voltage are used; for these simulations they are used for qualitative analysis of the electric fields rather than for quantitative analysis.
As shown in Fig. 2 , the needle cathode is on the left border, and the bottom plate is on the right border. Added to the geometry of the drift area are lines of equal voltage versus ground, the equipotential lines, and the potential rises by 50 V between each of the adjacent lines. The strength of the drift electric field is proportional to the density of the equipotential lines, and its direction is perpendicular to them.
It can be seen that the equipotential lines near the ring and within the drift area are bent away from the needle tip due to the high voltage. The bending degree increases with the increase of the inner diameter of the ring, the increase of the discharge voltage, and the decrease of the drift field strength, separately. The bending of the equipotential lines has two effects. First, the discharge electric field is decreased and the field distribution is changed, leading to decreased discharge intensity and varied discharge distribution. Second, the bending of the equipotential lines significantly affects the direction of the drift electric field, which causes the electrons to move away from the center axis during drift. This may result in loss of electrons. These two effects are intensified with the increase of the bending degree and scope of the equipotential lines. 
Discharge electric field distribution
The second effect of the bending of the equipotential lines described in section 3.2.1 can be studied vividly and directly via observing the bending direction of the equipotential lines. However, the first effect cannot be studied directly. It is difficult to identify the detailed electric field distribution due to excessively dense equipotential lines within the discharge area, as shown in Fig. 2 . Therefore, a sampling line is created to measure and analyze the first effect. The line is parallel to the left side of the ring anode at a distance of 1 mm. It starts from the center axis of the drift area, and has a length of 30 mm along the radial axis. We used Ansoft software to extract the electric field strength along the sampling lines under different factor combinations, and the results are partly shown in Fig. 3 .
In Fig. 3 , the discharge voltage is 7 kV. It can be seen from Fig. 2 and Fig. 3 that the discharge electric fields in the needle-ring discharge are significantly different from that in the needle-plate discharge. a. The electric field is affected and weakened by the ring. When the ring is bigger, the electric field strength is more obviously weakened. This effect would cause the needle-ring discharge to be weaker than the needle-plate discharge.
b. The electric field strength in the needle-ring discharge has a small peak near the inner edge of the ring, because the small radius of curvature of the inner edge of the ring (metal) increases the electric field strength near it. The peak value of the electric field strength correlates with the ring diameter. When the ring diameter is 1 cm, the peak electric field strength is higher than the electric field strength at the center axis. When the ring diameter is 2 cm, the former is a little lower than the latter. When the ring diameter is 3 cm, the former is much lower than the latter. This means that when the ring diameter decreases, the proportion of the discharge towards the inner edge of the ring is increased.
c. It can be seen from Fig. 2 that the bending degree of the equipotential lines increases with the increase of discharge voltage, which leads to an increase in the proportion of the discharge toward the inner edge of the ring. The bigger the proportion, the lower the effective electron rate (the ratio of the number of the effective electrons to the total number of electrons generated by the corona discharge).
d. The change in the value of the drift electric field, ranging from 150 V/cm to 250 V/cm, has only unobvious effects on the discharge electric field distribution. The drop in the drift voltage results only in a tiny change of the electric field strength. Therefore, the change of the drift electric field in the range of 150∼250 V/cm does not have a significant effect on the needle-ring discharge in this experiment. Table 1 presents the major conclusions of section 3.1 and section 3.2, which provides a basis for subsequent electron yield measurement and analysis. Meanwhile, the various effects caused by the change in one single factor have different influences on the number of effective electrons and the effective electron rate. For instance, when the discharge voltage rises, the total discharge intensity is increased, but the electron loss is more at the same time. The increased discharge intensity will increase the number of electrons. However, the electron loss will decrease them. Therefore, measuring the number of effective electrons enables one to distinguish the primary and the secondary influences. 
Summary of the simulation results
Waveform processing
The voltage waveforms measured via R1 and R2 cannot be directly used for electron quantity analysis. This is because the variation of the voltage at the needle cathode inducts currents in these two resistors, forming induced voltage background. The measured waveforms are formed by the induced voltage background added with the actual waveforms, as shown in Fig. 4 . The induced voltage background can be measured via R1 and R2 when the IMS is filled with SF 6 to prevent the generation of corona discharge. Then, the waveforms are measured again when the IMS is filled with nitrogen. The actual electron waveforms are obtained by subtracting the induced voltage background from the measured waveforms via Origin 8. Finally, the actual waveforms are integrated to generate the corresponding number of electrons. The number of electrons is calculated by the following formula:
Here N is the number of electrons, U (t) is a function (voltage vs. time) representing the actual electron waveform, R is the resistance of R1 or R2, e is the charge of a single electron. On the other hand, it can be seen in Fig. 4 that the peak of the actual waveform is at about 15 µs. This indicates that the actual waveform is formed by electrons, because the drift time of ions is several milliseconds [1, 9, 14] .
The number of electrons collected by the ring anode
The measurement results show that the number of electrons collected by the ring anode correlates with the discharge voltage and the ring diameter, as shown in Fig. 5 , and correlates little with the drift field. Fig. 5 displays the average number of the electrons collected by the ring anode under various drift field strengths. When the discharge voltage is increased or the ring's inner diameter is decreased, the number of electrons collected by the ring anode is increased. These observations are consistent with the conclusions of Table 1 . 
The number of effective electrons
The number of electrons collected by the Faraday plate is subject to the influence of the discharge voltage, the drift field and the ring diameter, as shown in Fig. 6 .
a. The increase of the ring diameter increases the number of effective electrons.
It can be seen from Table 1 that the increase of the ring inner diameter has three influences as follows: (i) reducing the discharge intensity.
(ii) reducing the proportion of the discharge towards the inner side of the ring, and thus increasing the electron pass-through rate (the rate of the electrons passing through the ring). (iii) increasing the electron loss in the drift area.
Among the three influences, only influence (ii) can increase the number of effective electrons. So influence (ii) is the primary influence caused by the enlargement of the ring inner diameter.
b. The increase of the drift field strength increases the number of effective electrons.
It can be seen from Table 1 that the drift field strength only has an influence on electron loss. The higher the field strength, the smaller the electron loss. Data in Fig. 6 demonstrates that this influence is very significant.
c. The increase of the discharge voltage increases the number of effective electrons; the decrease in the ring inner diameter slows down the increasing rate of the number of effective electrons.
It can be seen from Table 1 that the rise of the discharge voltage has three effects: (i) increasing the discharge intensity; (ii) increasing the proportion of the discharge towards the inner side of the ring, and thus reducing the electron pass-through rate; (iii) increasing electron loss.
The effect (i) can increase the number of effective electrons, while (ii) and (iii) decrease it. The data in Fig. 6 illustrate that the major effect of the discharge voltage is effect (i). On the other hand, because reducing the ring inner diameter drops the electron passthrough rate, the increasing rate of the number of effective electrons by raising discharge voltage is slowed down with a smaller ring inner diameter. 
Effective electron rate
Strictly speaking, the effective electron rate should be the ratio of the number of the effective electrons to the total number of electrons generated by the corona discharge. As mentioned earlier, the electrons generated have three final destinations: collected by the ring anode, collected by the Faraday plate, and lost during the drift. Unfortunately, the electron loss cannot be measured accurately. However, it can be seen from Fig. 5 and Fig. 6 that the electrons collected by the ring anode account for the vast majority of the total electrons generated. Thus, the effective electron rate could be estimated by the ratio of the effective electrons to the sum of the electrons collected by both the Faraday plate and the ring anode.
The effective electron rates under various factor combinations are shown in Fig. 7 . a. Increasing the ring inner diameter increases the effective electron rate.
As described in section 4.3, increasing the ring inner diameter increases the electron pass-through rate. When more electrons pass through the ring and are collected by the Faraday plate, the effective electron rate goes up.
b. The rise in the drift field strength increases the elective electron rate.
It can be seen in Table 1 that the electron loss drops when the drift field strength goes up, so the effective electron rate increases.
c. The rise of the discharge voltage reduces the effective electron rate, and decrease in either the drift field strength or the ring inner diameter slows down the decreasing rate of this reduction.
As described in section 4.3, the rise of the discharge voltage reduces the electron pass-through rate and increases electron loss, so the effective electron rate decreases with it. On the other hand, when the drift field and the ring inner diameter are at a low level, the above-described two effects are reinforced, thus making the influence of rising discharge voltage less obvious. It can be seen from Fig. 6 that when the drift voltage and the ring inner diameter are reduced to a certain level, the influence of rising discharge voltage on the effective electron rate almost disappears.
Summary on the collected number of electrons
The measurement results presented in section 4.2 to section 4.4 has verified and improved the simulation results. Data analysis reveals the major influences of the factors, as shown in Table 2 . These major influences, along with the secondary influences, determine the changing tendency of the number of electrons, as well ++ and −− for main impacts, + for increasing, − for decreasing and N/A for almost no effect as the variation tendency of the effective electron rate. Table 2 offers a good reference for designing IMS using the needle-ring pulsed negative corona discharge as the electron source.
Conclusions
A simple IMS apparatus is designed to investigate the factors influencing the number of effective electrons and the effective electron rate. The needle-ring pulsed negative corona discharge is used as the electron source. This method has multiple advantages: ease of fabrication, ability to obtain a large electronic signal, and facilitation of accurate measurement of the number of electrons.
Simulation with Ansoft Maxwell 12 is carried out to analyze the electric field distribution within the apparatus, and to provide the basis and foundation for analyzing the measurement results. The simulation results have been verified and improved by the measurement results.
The measurement results of the quantities of electrons demonstrate the following.
a. The rise in the drift voltage significantly reduces the electron loss, and thereby increases the number of effective electrons and the effective electron rate.
b. The increase in the ring inner diameter mainly decreases the portion of discharge which goes towards the inner side of the ring, and thus enhances the portion of electrons which pass through the ring and thereby increases the number of effective electrons and the effective electron rate.
c. The rise in the discharge voltage increases the intensity of the corona discharge, and thereby increases the number of effective electrons. But the rise in the discharge voltage simultaneously decreases the portion of electrons that pass through the ring and increases the electron loss, and thus leads to a lower effective electron rate.
